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Abstract 
Tridentate hydrosoluble diglycolamide TEDGA (tetraethyldiglycolamide) has been introduced in the EXAm process to 
complex Cm(III) and heavier lanthanides and allow the recovery of Am(III) alone. An exhaustive study has been carried out 
on the complexation of the ligand TEDGA with representative cations (La to Lu and An(III)) in order to enhance the 
knowledge on chemical mechanisms in nitrate solutions. The speciation of complexes LnTEDGAn
3+ has been carefully 
determined with different spectroscopic techniques such absorption spectrometry, ESI-MS, TRLIF and completed by 
molecular dynamics simulations. The equilibrium constants were measured by independent methods. By providing basic 
information on the structure of complexes and on the thermodynamics of the chemical systems, this study helps to support the 
modeling of the related liquid-liquid process.   
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Selection and/or peer-review under responsibility of the Chairman of the ATALANTE 2012 Program 
Keywords: Americium, complexation, diglycolamide, stability constants 
1. Introduction  
In the nuclear field, one promising strategy for the treatment of high-level liquid wastes is the partitioning and 
transmutation process. Among different ways, the recovery of minor actinides such as americium alone is one of 
the options investigated. The trivalent actinides must be cleanly separated from the trivalent lanthanide fission 
products. In this field of actinides separation the neutral tridentate diglycolamides [R2NCOCH2]O have been 
reported as interesting molecules: with lipophilic molecules like TODGA (R=C8H17 [1-2]) or TDdGA 
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(R=C10H21) [3], TEHDGA (R= CH2CH(C2H5)C4H9)[4] and with water-soluble diglycolamides like TMDGA (R= 
CH3), TEDGA (R= C2H5) [5]. Counter-current tests with representative aqueous raffinates have been tested 
recently in Atalante facility to check the feasibility of Am(III) separation with such an aqueous ligand, the 
TEDGA, N,N,N’,N’-tetraethyldiglycolamide [6]. The first extraction step of the so called EXAm process is 
based on the synergistic organic mixture malonamide DMDOHEMA and alkylphosphoric acid HDEHP and the 
introduction of TEDGA in aqueous nitric acid solution [7]. The separation factor SFAm/Cm raises to 2.5, as shown 
in Figure 1 and the heavier lanthanides can be easily separated. A specific step allows the separation of lighter 
lanthanides (from La to Nd). 
In presence of TEDGA, the distribution coefficient of Ln and An(III) between nitric acid and DMDOHEMA-
HDEHP decreases and depends strongly on the size of the cation, a behaviour consistent with interactions 
between the ligand TEDGA and f-element ions which are mainly electrostatic. However various stoichiometries 
have been reported for extracted complexes LnIII (and AnIII) – DGA (where DGA stands for diglycolamide): n=2 
in polar diluents whereas n=3 (or 4) in non-polar diluents [8]. Structural studies performed in aqueous solution 
concluded to the presence of [Ln(DGA)]3+, [Ln(DGA)2]
3+ and [Ln(DGA)3]
3+: for TODGA and Eu(III) in ethanol-
water with TRLIFS technique [9] and for TMDGA and Nd(III) in NaNO3 [10].  
Figure 1: Distribution ratios of Ln and An(III) with ({ and z) and without TEDGA (Uc) (organic phase 0.6M DMDOHEMA - 0.3M 
HDEHP -TPH - Aqueous phase cTEDGA = 0 or 0.05M in HNO3 5M) – 25°C 
In order to develop the EXAm process and to optimize the extraction-scrubbing section in presence of 
TEDGA, isotherms of extraction were established for cations of interest in process conditions. Speciation studies 
on trivalent lanthanide and actinide complexation by TEDGA were also carried out in the aqueous phase to 
estimate the stoichiometries and the stability constants of the TEDGA complexes. Then dedicated studies have 
been performed to describe the partial extraction of TEDGA to the organic phase. 
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2. Experimental methodology 
All chemicals were reagent-grade or higher. Stock solutions of lanthanides were prepared from nitrate salts by 
dilution in NaNO3 solutions (1M). The pH was fixed at 2.0 for each solution. The concentration of lanthanide 
was checked by ICP-AES. 241Am in stock solution was obtained from dissolution of oxide in HNO3 and 
purification on DOWEX 50 cation exchange resin. TEDGA was provided by Pharmasynthese (Lisses, France). 
Extraction experiments were performed with multi elementary solutions (La, Ce, Pr, Nd, Sm, Eu, Gd with a 
total amount of 1.9mmol/L in HNO3 5M for inactive solution and 5M HNO3 stock solution spiked with trace 
amounts of 241Am, 244Cm, 139Ce and 152Eu for active tests). The organic phase (DMDOHEMA0.6M and HDEHP 
0.3M in diluent NPH) was preequilibrated with nitric acid. Equal volumes of each phase were contacted 15 
minutes by means of an automatic vortex shaker at 25.0°C. Distribution coefficients were determined from ICP-
AES for lanthanides and alpha and gamma-counting spectrometry for active elements. 
UV-visible spectra were carried out with a Carry 50 Scan spectrophotometer from 425 nm to 515 nm and the 
data were analyzed with Hypspec (Protonic Software) to determine the stability constants.  
The mass spectrometric measurements (ESI-MS) were recorded using a Bruker Esquire-LC quadrupole ion 
trap equipped with an electrospray interface. Experimental conditions were the following ones: ion spray voltage 
4000 V, Skimmer 1= 30 V, drying gas 5 L.mn-1, nebulizer gas 5 psi. A syringe infusion pump delivered the 
sample to the electrospray source with a flow rate 90 PL.h-1.
Microcalorimetric measurements were performed at 25°C using an LKB-2277 Thermal Activity Monitor 
(TAM) microcalorimeter system from Thermometric. The cation was introduced in the calorimeter using a 4 mL 
glass cell, and the ligand solution was added into the cell through fine gold tubing. Reverse experiments were 
also performed (introduction of cation in a ligand solution). The volume of titrant was injected with a 
programmable motor-driven Thermometric Lund pump equipped with a 250 µL Hamilton syringe. Enthalpy 
variation and stability constants were calculated with Digitam Software from Thermometric and Hypdelta 
softwares. 
Molecular dynamics simulations (MD) of [Ln(TEDGA)n]
3+ have been carried out with AMBER10 using 
explicit polarization. Periodic boundary conditions were applied to the simulation box. Long-range interactions 
have been calculated using the particle-mesh Ewald method.  
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Figure 2: Mass spectrum (positive mode) of TEDGA 2.5 10-4M, Ln or Am 2.5 10-4M, HNO3 0.003M in CH3CN-water (50-50). (skimmer 1 = 
30V ; TD = 90V)
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3. Results and discussion  
To obtain a representative modelling of the EXAm process, sufficient insight on thermodynamics aspects is 
requested. The studies presented here concern basic data as identification of stoichiometry and related stability 
constants of Ln(TEDGA)n
3+ complexes in the aqueous phase, for representative cations of the lanthanides series 
(from La to Lu).  
Speciation in aqueous phase was studied with the ESI-MS technique which allows, after nebulisation of the 
samples, to identify metal-ligand complexes. Several ionic species M(TEDGA)x(NO3
-)y, with x=1 to 3 and y=1 to 
2 were observed for each cation, as presented in Figure 2.  
A molecular dynamics study was also performed to compare the stability of [LnTEDGA]3+, [LnTEDGA2]
3+
and [LnTEDGA3]
3+ complexes in aqueous medium for representative lanthanides: La, Nd, Eu and Dy. 
The simulations confirmed that nitrate counter ions never enter in the cations inner sphere in water solution 
and that the stability of the complexes was a function of the competition between water and TEDGA 
coordination toward the Ln(III) cation. To analyze the stability of the complexes, the main features considered 
were the Ln-OTEDGA distances and the value obtained for the total coordination number of the cation, in 
comparison with published values in water solutions. With lighter lanthanides as La, [LnTEDGA]3+ and [Ln 
TEDGA2]
3+ were stable, the inner sphere was completed with water molecules (6 and 4 respectively) and 
TEDGA was always tridentate while in the case of the [DyTEDGA]3+ complex, TEDGA was bonded as 
monodentate and seven water molecules remained in the cation inner sphere. In the [LnTEDGA3]
3+ complex, 
dysprosium was surrounded by three tridentate TEDGA without any water molecule in its first coordination 
sphere and with Dy-OTEDGA distances shorter than distances observed in [DyTEDGA]
3+ and [DyTEDGA2]
3+, as 
seen in Figure 3. With europium, simulations indicate that the three complexes could be stable in water. 
[La –TEDGA]3+      [La -TEDGA2]
3+       [Dy -TEDGA3]
3+
Figure 3: Stable forms obtained by molecular dynamics simulations after 1ns for La and Dy (initial state [Ln(TEDGA)n]3+, with n=1, 2 or 3) 
The speciation and the determination of stability constants in such solutions need several independent 
methods. The selected spectroscopic methods used in this study were NMR and/or UV-visible filled out with 
calorimetric titrations. In the case of Eu(III), Time resolved Laser Fluorescence Spectroscopy (TRLIFS) could 
give additional structural information. The studies were performed for several lanthanides(III) (La, Pr, Nd, Eu, 
but also for heavier lanthanides absent in genuine solutions as Yb and Lu to improve the knowledge), and for 
Am(III).  
The presence of three species in the middle of the series (with Eu for example) has been observed by UV-
visible spectrometry, calorimetry and TRLIFS. In TRLIFS experiments both the emission intensity ratio of 5D0 – 
7F1 and 
5D0 – 
7F2 transitions (617 nm and 592 nm) and the related decay of fluorescence were studied with 
increasing of cTEDGA/cEu. The relation between the primary hydration number of europium (NH2O) and the lifetime 
of the transitions was checked. 
The analysis of the fluorescence decay allowed the determination of the number of water molecules in the first 
sphere of Eu(III) in each compound [EuTEDGA]3+, [EuTEDGA2]
3+ and [EuTEDGA3]
3+. The average values 
obtained were NH2O = 6, 3.4 and 0.5 respectively. These values are consistent with those obtained in the 
molecular dynamics simulations. 
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An example of absorption variations is presented in Figure 4 for Pr(III) (a) and Am(III) (b). The best fits 
determined with Hyperquad software were obtained for the following stability constants: 
Pr(III)  log E1 = 2.03 and log E2 =3.51 (+/- 0.05)  
Am(III) log E1 = 2.9   log E2 = 6.07  and log E3 = 8.33 (+/- 0.05) 
Figure 4: Influence of the ratio r=cTEDGA/cM on the spectra of M-TEDGA solutions 
 (NaNO3 1M, pH 2, 25°C - l=1cm – a (left) cPr = 0.05M – b (right) cAm = 5.1.10-4M ) 
Absorption spectroscopy could not be applied to all lanthanides (absence of transitions in the visible range or 
minor spectral modification with complexation). Titration calorimetry was applied without difficulty to every 
selected lanthanide.  
To obtain accurate values, different experimental conditions were selected for each lanthanide and 
calorimetric titrations were performed from direct and reverse mode (introduction of lanthanide in TEDGA 
solution or introduction of TEDGA in lanthanide solution), as can been see in Figure 5, which gives an example 
of thermograms obtained for the extreme elements of the series (La and Lu). The better fits obtained with 
Digitam software provided by Thermometrics are: logE1=2.9 and logE2=5.4 for La and logE3=9.2 for Yb. The 
related enthalpy variations are negative in each case ('H1=-9.8 and 'H2=-12.7 kJ/mol for La and 'H3=-18.3
kJ/mol for Lu).  
The trend presented in the previous approach was confirmed: [LnTEDGA]3+ complexes are favoured with 
lighter lanthanides as La(III) whereas [LnTEDGA3]
3+ were predominant with the heavier lanthanides as Lu. The 
thermodynamics properties confirm that the complexation strength increases with the atomic number through the 
lanthanide series.  
These data acquisitions and analyses allow an accurate description of the TEDGA speciation in the EXAM 
process. The speciation diagrams, which can then be calculated is introduced into the process simulation code in 
order help the modeling and the driving of the EXAM process. 
.
Further studies are in progress to describe and compare the extraction of Am(III) and Cm(III) and to take into 
account the influence of acidity (around 5 mol/L in the process). 
0
0,1
0,2
0,3
0,4
0,5
420 440 460 480 500
wavelength (nm)
r= 0
r=0.5
r=1.5
r=2.5
r=3
r=10
0
0,05
0,1
0,15
0,2
0,25
490 500 510 520 530
wavelength (nm)
O
D
0
0,6
1,81
4,8
8,44
12,06
24,12
O
D
25 M-C. Charbonnel et al. /  Procedia Chemistry  7 ( 2012 )  20 – 26 
Figure 5: Calorimetric titration related to the complexation of La and Lu by TEDGA 
(25.00°C, initial volume 1.0 mL, NaNO3 1M, pH 2)
4. CONCLUSIONS 
In aqueous solutions, various species [LnTEDGAn]
3+ have been identified from La to Lu to better describe the 
species and understand the differences along the series. Experimental studies and molecular dynamic simulations 
have been performed. The competition between TEDGA ligands and water coordination toward the Ln(III) 
cation led to different [LnTEDGAn(H2O)y]
3+ complex stoichiometries depending on the cation ionic radius: 
complexes with one TEDGA were favored with the lighter Ln(III) cations whereas [LnTEDGA3]
3+ were 
preponderant for the heavier ones. Furthermore, the complexing strength of the hydrophilic TEDGA increases 
along the Ln series, which can explain the decreasing of distribution ratio in the EXAm process for the lanthanide 
cations of the end of the series.  
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